Abstract-In present study, the air blast response of the concrete dams including dam-reservoir interaction and acoustic cavitation in the reservoir is investigated. The finite element (FE) developed code are used to build three dimensional (3D) finite element models of concrete dams. A fully coupled Euler-Lagrange formulation has been adopted herein. Zhou et al, [1] model including the strain rate effect is employed to model the concrete material behavior subjected to blast loading. In addition, a onefluid cavitating model is employed for the simulation of acoustic cavitation in the fluid domain. A parametric study is conducted to evaluate the effects of the air blast loading on the response of concrete dam systems. Hence, the analyses are performed for different heights of dam and different values of the charge distance from the charge center. Numerical results revealed that (1) concrete arch dams are more vulnerable to air blast loading than concrete gravity dams; (2) reservoir has mitigation effect on the response of concrete dams; (3) acoustic cavitation intensify crest displacement of concrete dams.
I. Introduction
Over the last two decades, the use of explosives by terrorist groups around the world that target civilian buildings and other structures is becoming a growing problem and has resulted in considerable attention which has been raised on the behavior of engineering structures under blast or impact loading. However, blast response of many important civil infrastructures has not yet been well understood as a result of the complexities in their material behavior, loading and higher nonlinearities. Concrete dams which are indivisible parts of any society are an example of such important civil infrastructure used for storage of water, generation of electricity etc. Blast loading on concrete dams may result in disaster due to water crisis, consequent flood flows and related damage events. Hence, understanding the dynamic behavior of concrete dams under blast loading through numerical simulations is of utmost importance. Therefore, the study of the effects of blast loading on structures has been a field of active research over the last decade [2, 3] .
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In the current research, different parameters affecting the nonlinear response of concrete dams and their mathematical representation are explained. The major contribution in this research are considering development of cavitating region in the reservoir that induced nonlinear behavior of water and implementing a strain rate dependent material law for concrete in the material nonlinearity analysis of dam body. Additionally, a detailed study is performed for the evaluation of performance of gravity and arch concrete dams. The dynamic response of the dams subjected to air blast loading is carried out for different dam height ranging from 50 to 150 m and 100 to 250 m for gravity and arch dams respectively. The influence of dam height, standoff distance and reservoir cavitating on the performance of the concrete dams is also investigated. All numerical simulations are carried out based on the developed FORTRAN finite element code. A fully coupled numerical approach with combined Lagrangian and Eulerian methods, in which the reservoir are modeled using an Eulerian mesh, while the dam concrete is modeled using a Lagrangian mesh, is adopted to permit for the incorporation of the essential processes, namely the air blast loading, fluidstructure interaction, acoustic cavitation in the reservoir and nonlinear structural response. In the developed code, an iterative partitioned implicit scheme which is used to time integration of dynamic nonlinear equilibrium equations of fluid and structure domains and Element-by-Element PCG solver together with diagonal preconditioning are used to solve the large equation system resulting from the finite element discretization of the governing equations of fluid and structure domains. Fig.1 provides the sketch of the involved domains and boundary conditions of the finite element model. It is observed in Fig. 1 that the outer surface of the fluid domain is set to be a non-reflecting boundary. 
Air blast
Air blast which involves the detonation of explosive material in air can be modeled with a decaying exponential equation form that uses a series of parameters, and rely on explosive charge size, type and standoff point. Many different sets of air blast parameter data in both graphical and equation form are available in the literature [4] [5] [6] [7] . Thus the objectives of this section is to describe blast parameters definitions from the open literature and implement these in a load generation code to produce air blast loading for finite element simulation of dams structures subjected to explosive air burst. The evolution of an air blast involves several stages: detonation, shock wave formation and propagation and decay in the shock wave strength that terminate with a return to ambient conditions. Fig. 2 illustrates a schematic diagram of a typical time history of overpressure at a stationary location affected by an explosion in air. 
III. Structural equations
The second order equations of motion for solid can be written as (1) where u corresponds to the displacement of the structure,  is the structural stress tensor, refers to solid density and is the load vector due to the external structural loads. The equations of motion for solid (Eq. (1)) is written in the most general form, which could include both material and geometric nonlinearities. Using standard procedures for finite element discretization of the structural domain, the equations of motion for the structure subjected to external blast forces may be written in standard finite element form as
In which,   M ,   C the structural mass matrix, damping matrix, is B displacement -strain related matrix and  is tensor of internal stresses of structure respectively.   
IV. Fluid equations
The set of governing equations, which describes the fluid domain in Cartesian coordinates, are the Euler equations where the viscosity, thermal conductivity, surface tension and turbulence are generally ignored. As the liquid and cavitating fluid are assumed to be compressible and barotropic in this work, total energy equation is not required to be solved directly. The dynamic equation of reservoir domain can be presented with some manipulation as follow   
V.

Nonlinear fluid-structure coupling scheme
The coupling between the fluid and structure domains is applied through the forcing terms. Since have been already assumed the fluid to be inviscid, the coupling occurs only in the normal direction. Eqs. (2) and (4) describe the nonlinear finite element discretized equations for the dam-reservoir interaction problem. The solution of this system is obtained by using a partitioned iterative strategy, which is implemented by means of a predictor-multicorrector scheme applied at each time step.Solution algorithm is summarized in Figure ( 2).
VI.
Example and Numerical Simulation
In this study, Morrow point arch concrete arch dam is selected as representative concrete arch dams in order to study the effect of air blast on the dynamic performance of concrete dams. The Morrow point arch dam on the Gunnison River located in Colorado with a height of 143 m. The finite element model of Morrow point arch dam is presented in Figure 4 . Material of the dams is assumed to be nonlinear viscoplastic, isotropic and homogeneous. The water is assumed to be nonlinear acoustic due to cavitation. Fluid and structure are modeled using eight node and twenty node hexahedron elements, respectively. In fluid domain, mesh is truncated at non-reflecting boundary. Physical parameters chosen for the system are as follows: The reason is that the cavitating region adjacent to upstream face of high arch dam expanded violently and as a result, the collapsing of this region induced larger reloading on dam structure. Other aspect that is studied in Figure 7 is the reservoir effects on the coupled system performance that arch dam reservoir systems analyses with full reservoir and empty reservoir. Obtained results revealed that reservoir reduces the maximum crest displacement of dam, and as for arch dam heights of 250 m, 200 m, 150 m and 100 m, the crest displacement decrease are 7.9%, 10.9 %, 12.5 % and 18.3%, respectively. Reduction effect of reservoir on arch dam dynamic response increases with decreasing of arch dam height which is contrary to concrete gravity dam behavior. As shown in Figure . As illustrated in Figure 9 , the displacement of dam crest pattern obtains different from in Figure 7 and cavitation totally changes the crest displacement manner and intensifies the crest displacement. This is for the complicated nature of arch damreservoir system and interaction between different domains. It can be seen from Figure 9 that the maximum displacement of the crest of arch dam for dam height 250 m is 4.9 cm, for dam height 200 m is 4.8 cm and for dam height 150 m is 4 cm toward downstream face of dam with considering cavitation and for dam height 100 m the maximum crest displacement obtain 3.3 cm toward upstream face of dam with considering cavitation. The reason is that with increase of dam height, collapsing of cavitating regions and consequent reloading when structure reverse direction, create larger peak in displacement response that intensify crest displacement in the downstream direction. As presented in Figure 9 Figure 10 , the blast pressure generated from air blast loading causes a highly localized damage close to the middle part of downstream face of dam body facing the explosion center and causes a confined damage zone in the downstream face of dam close to abutments. The crack damage in the upstream face, near the bank of dam, extends due to tensile stress arise from blast loading and the lower tensile strength of concrete material than its compressive strength. 
Conclusion
In the present study, the three dimensional finite element developed Fortran code has been used to investigate the effect of air blast loading on concrete dams and analysis procedure is done for typical concrete gravity dam and concrete arch dam with different heights and different standoff point of charge with empty and full reservoirs. In addition, bulk cavitation effects on response of concrete dams were studied. The following is a brief outline of the key results obtained from this study: 1) Arch dam with changing charge location close to the middle part of the dam, the response scheme of the arch dam changed completely.
2) Charge weight that led to collapse of both types of concrete dams increases with increasing height of concrete dams. This indicated that concrete arch dams are more vulnerable to air blast loading.
3) The inclusion of reservoir in the numerical model decreases the response of concrete dams under air blast. For arch dam, increase in the height of dam decreases reduction effect of reservoir. Maximum reduction effect of reservoir is approximately 18% for both types of concrete dams. 4) Acoustic cavitation increases the response of concrete dams under blast loading. As cavitation intensifies crest displacement of concrete arch dam at the maximum of 15.5%.
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